Although metathesis photoinduced catalysis is now well established, there is little development in thin film preparation using photochemically activated ring-opening metathesis polymerization (ROMP). Herein, a Nheterocyclic carbene (NHC) photogenerator (1,3-bis(mesityl)imidazolium tetraphenylborate) is combined with an inactive metathesis catalyst ([RuCl 2 (p-cymene)] 2 ) to generate under UV irradiation an active catalyst (p-cymene)RuCl 2 (NHC), that is capable of producing in a single step cross-linked copolymer films by ROMP of norbornene with dicyclopentadiene. The study shows that the photoinitiated catalytic system can be optimized by increasing the yield of photogenerated NHC through a sensitizer (2isopropylthioxanthone), and by choosing [RuI 2 (p-cymene)] 2 as precatalyst to provide a long-term photolatency. The cross-linked polymer structure is investigated by a range of techniques including gel content measurement, FT-IR and solid-state 13 C NMR spectroscopy, TGA and DSC, which reveal a cross-linking mechanism proceeding through both metathesis and olefin coupling.
Introduction
As one of the most valuable tools for the generation of C]C double bonds, olen metathesis has been exploited in many useful ways in the eld of polymers, including the synthesis of complex architectures, 1 pharmaceutical products, 2 or biodegradable copolymers. 3 In all these cases, progress has been mainly driven by the development of advanced and well-dened metal alkylidene complexes, like the notorious Grubbs and Schrock catalysts. 4, 5 Ligand ne-tuning has resulted in a portfolio of catalysts featuring a broad range of reactivity, functional group tolerance and bench stability. In this respect, a major breakthrough took place in 1999 with the introduction of Nheterocyclic carbene (NHC) ligands in the place of the conventional phosphine compounds. 6, 7 In particular, sterically bulky and strong electron donating NHCs have proven to be highly effective, resulting in NHC-coordinated ruthenium complexes with longer life-time and superior catalytic activity. 6, 8 However, the main developments in olen metathesis catalysis have responded more to the needs of synthetic chemistry (as the above mentioned examples show), but have been less useful for the preparation of polymer materials. Ring-opening metathesis polymerization (ROMP) of cyclic olens is currently the main type of olen metathesis polymerizations. 6, 9 Polymers with a broad spectrum of properties have been achieved through ROMP of norbornene (NB), cyclopentene, cyclooctene or dicyclopentadiene (DCPD). However, the use of ROMP polymers has been limited so far to the manufacturing of specic structural and engineering materials. For example, polycyclooctene (Vestenamer®) and polyNB (Norsorex®) elastomers are employed aer vulcanization as shock absorbers and anti-grip materials. In addition, hydrogenated polyNB (Zeonex®) is a high performance optical thermoplastic, while polyDCPD (Metton® or Telene®) is known as a prime thermoset with mechanical properties similar to engineering thermoplastics. 10 One reason for the limited applications of these polymers can be found in their restrictive processing methods. For example, polyDCPD is prepared essentially by reaction injection molding (RIM), which requires separate monomer and catalyst compartments, efficient mixing and titration heads, nitrogen inerting of the mold, etc. [11] [12] [13] To unlock the potential of ROMP polymer materials, more efficient and "smarter" catalysts are crucial, especially to extend the shaping of ROMP polymers as lm, particle or ber, but also, to foster more versatile, energy-efficient and facile process conditions. [14] [15] [16] [17] [18] [19] [20] To address those challenges, latent olen metathesis catalysts have emerged that are able to release active species in situ and "on demand" by external stimulation. Heat, [14] [15] [16] mechanical force, 17 and radiation [18] [19] [20] are the most common stimuli. A separate category concerns catalysts activated aer the addition of an external chemical agent. [21] [22] [23] Among these different options, the activation brought about by visible or ultraviolet irradiation is particularly attractive. 24 Firstly, it allows activation of the catalyst at ambient temperature, and the use of storable and ready-to-use formulations combining together the catalyst and the monomer(s). Secondly, as a standard product of a photoactivated polymerization, thin lms based on cross-linked ROMP polymer make possible the development of novel UV-curable coatings or adhesives. Thirdly, unlike the other triggers, light allows the reaction to be spatially-controlled, opening the way to applications in photolithography. 23, 25 In the eld of photochemically activated olen metathesis, three main approaches have been proposed to promote activation of the catalyst that all involve the photochemical reaction of one ligand of a transition metal complex. 13 The two most reported routes rely on ligand photodissociation 26, 27 and ligand cis-to-trans photoisomerization. 18, 20 The third route, which is the least investigated, is the focus of the present study. In the latter, the active olen metathesis catalyst is produced from an inactive and non-absorbing precatalyst aer reaction with a ligand generated in situ by a second photosensitive compound (ligand photogenerator). This methodology was rst introduced by Grubbs et al. in 2009 by using a Ru-alkylidene complex ligated by acetylacetonate (acac) as precatalyst and a photoacid generator (PAG) based on triphenylsulfonium chloride. 21 Upon irradiation at 254 nm, HCl was released, and the subsequent displacement of acac by Cl À resulted in an active metathesis catalyst. A similar method was also employed by Piers et al. using a ruthenium carbide and Ph 3 S triate (OTf). 22 Recently, we replaced the PAG with a NHC photogenerator and used a stable, commercially available dimeric Ru(II) complex as metathesis inactive catalyst (Scheme 1). 28, 29 Our tandem system made up of 1,3-bis(mesityl)imidazolium tetraphenylborate IMesH + BPh 4 À (1) as NHC progenitor and [RuCl 2 (p-cymene)] 2 precatalyst (Ru-1) proved to be very efficient at ROMP of NB. In comparison with the examples discussed above, a safer UVA radiation (320-400 nm) was employed, and no ligand displacement occurred. The cleavage of the Ru-chlorido bridges of Ru-1 was rather enthalpically driven through the addition of 2 equivalents of free NHC IMes, that were photogenerated in situ from 1. As a result, the presumed active catalyst (Ru-1-IMes) features one p-cymene cycle, two chlorido ligands and one IMes ligand. First introduced by Hermann et al., 30 this class of RuCl 2 (p-cymene)NHC catalyst has been extensively studied by Noels et al. for the ROMP of NB and cyclooctene. [31] [32] [33] In this contribution, the main objective is to demonstrate the utility of this tandem approach for the photoinduced preparation of cross-linked ROMP polymer lms. To this purpose, we report rst our efforts to improve the photocatalytic system by addressing a number of issues: optimizing the yield of photogenerated IMes, ensuring a long-term photolatency, identifying the active metathesis catalyst and the initiating species, and nally, collecting some preliminary results on photoROMP in solution of common cyclic olen monomers such as NB. In a second part, a range of copolymer lms was prepared by photoinduced ROMP copolymerization between NB and DCPD using the photocatalytic mixture based on 1/ITX/Ru-1. The coatings were prepared in a single step from a one-pot formulation, which is close to the conditions of a conventional UVcuring process. The cross-linked copolymer structure was thoroughly investigated by gel content measurement, FT-IR and solid-state 13 C NMR spectroscopy. The thermal properties of these polymer lms were also studied through TGA and DSC.
Experimental

Materials
Dicyclopentadiene (DCPD, >97%, TCI), 2-norbornene (NB, >99%, TCI), 5-ethylidene-2-norbornene (ENB, >98%, TCI), vinyl ethyl ether (>98%, TCI), 2-isopropylthioxanthone (ITX, analytical standard, Aldrich), 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes, 97%, Aldrich) and 1,3-di-p-tolylcarbodiimide (CDI, 96%, Aldrich) were used as received without purication. 
Syntheses and procedures
Quantication of IMes yield. Quantitative conversion of IMes into IMes-carbodiimide (CDI) adduct was described elsewhere. 29 The irradiation sources include a medium pressure Xe-Hg lamp (75 mW cm À2 , Hamamatsu, LC-9588/01A), a LED@365 nm (65 mW cm À2 , Hammamatsu LC-L1V3) and a LED@405 nm (100 mW cm À2 , Thorlabs M405L2). The irradiances were determined by using an optical power meter PM100D from Thorlabs.
Assessment of catalyst photolatency. In a typical experiment, NB (47 mg, 510 equiv.), ITX (0.63 mg, 2.5 equiv.) and ruthenium pre-catalyst Ru-1 (0.62 mg, 1 equiv.) were placed in a borosilicate NMR tube containing 0.5 mL of CD 2 Cl 2 . All solutions were stored in dark. Aer a xed time, a 1 H-NMR spectrum was recorded to determine the extent of monomer conversion and cis/trans ratio of the polymer possibly formed.
Photoactivated ROMP in solution. To a borosilicate NMR tube was added 47 mg of NB (510 equiv.), 0.63 mg of ITX (2.5 equiv.), 3 mg of 1 (5 equiv.), 0.62 mg of Ru-1 (1 equiv.), then 0.5 mL of CD 2 Cl 2 . The solutions were irradiated in a circular LED photoreactor. For this, a LED strip was wrapped around a quartz cylinder (f int ¼ 60 mm) emitting a monochromatic light centered at 365 nm (SMD3528-60LED/Meter, Lightingwill, 6.5 mW cm À2 ) or 405 nm (SMD2835-60LED/Meter, Banggood, 4.7 mW cm À2 ). Aer 1 min irradiation, 1 H-NMR spectra were recorded to determine monomer conversion and cis/trans ratio. Excess amount of vinyl ethyl ether (0.1 mL) was added to terminate the polymerization. Polymers were collected through precipitation in acetone and washed 3 times with CH 2 Cl 2 / acetone. SEC measurements were performed aer drying under air for 48 h. For measurements of real-time kinetics by RT-FTIR (see characterization section), the same NB/ITX/1/Ru-1 mixture was introduced into an IR liquid cell (Specac® Omni cell) containing two sandwich CaF 2 windows. A 1 mm Teon spacer in the middle of pellets was used to x the specimen thickness. Samples were then exposed synchronously to an IR beam and an UV irradiation resource equipped with a light guide. Two types of LED were used: a LED@365 nm and a LED@405 nm (see above for details).
Preparation of cross-linked ROMP polymer lms. A mixture of NB and DPCD was prepared at different NB concentrations ranging from 25 to 75 mol%. Ru-1 (9 mg, 1 equiv.), ITX (9.3 mg, 2.5 equiv.) and 1 (45 mg, 5 equiv.) were rst dissolved in CH 2 Cl 2 (2 mL), then the monomer mixture (510 equiv.) was added and le 10 min under stirring to obtain a homogeneous solution.
The mixture was then poured into a Teon mold (20 Â 85 Â 0.35 mm) covered with a borosilicate glass plate. Clamps were used to maintain the glass plate in order to prevent air entry as well as evaporation of solvent and monomers. The weight of mold containing the reactive mixture was determined before irradiation to be used subsequently for gravimetry measurements. The mold was placed under a LED panel (365 nm, 5.5 mW cm À2 , Top UV Curing Light) for 1 h. The wet gel was removed from the mold and le to dry overnight at ambient atmosphere. Residual monomers and solvent were removed by drying under vacuum at 50 C until the lm reached a constant weight. The lms exhibited an average lm thickness of 0.25 mm.
Characterization methods
All 1 H-NMR spectra were recorded in appropriate deuterated solvents with tetramethylsilane (TMS) as the internal reference on a Varian 300. All chemical resonances were documented in parts per million (ppm) relative to the residual THF-d 8 (d 1.72 ppm and 3.58 ppm), and CD 2 Cl 2 (d 5.32 ppm). Peaks multiplicities in 1 H-NMR spectra were abbreviated as s (single), d (double), t (triplet), m (multiplet), br (broad).
Molecular weights of polyNB and polyENB were determined using a size exclusion chromatography (SEC) instrument from a Varian apparatus equipped with TOSOHAAS TSK gel columns and a refractive index detector. The mobile phase was THF at a ow rate of 1 mL min À1 ; the injected volume was 100 mL. The MALS instrument was normalized using a THF solution of polystyrene standard.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) experiments were performed using, respectively, a TGA/DSC3+ (Metter Toledo) and a DSC1 (Metter Toledo) under nitrogen atmosphere. For TGA analysis, the samples (8-15 mg) were heated from 30 C to 600 C at a heating rate of 10 C min À1 . For DSC analysis, the samples (3 mg) were scanned from -80 C to 250 C at a heating rate of 10 C min À1 . The glass transition temperatures were determined in the second run.
To determine gel content, a polymer specimen ($50 mg) was placed into a 5 mL vial containing 4 mL of CH 2 Cl 2 . Aer magnetic stirring for 24 h at room temperature, the solvent was removed and insoluble component was dried under vacuum at 40 C until weight constant. The gel content was nally measured. 13 C CP MAS NMR spectra were recorded by using an Advance II 400 MHz Bruker Spectrometer (Ascend™ magnet) (B 0 ¼ 9.4 T) operating at 100.64 MHz and controlled by TOPSPIN 3.2 soware. The solid lms were grounded into ne powders prior to measurement. Experiments were performed at ambient temperature with a 4 mm double resonance MAS Bruker probe at a speed of 12 kHz, a 13 C p/2 pulse duration of 5.6 ms, a contact time of 1 ms and a recycle delay of 2 s. Chemical shis reported thereaer are relative to tetramethylsilane and the deconvolution of the experimental spectra were carried out with the DMt soware. 34 The fraction of pendant cyclopentene rings involved in olen coupling reaction can be determined semiquantitatively from the 13 contains initially 4sp 2 and 6sp 3 carbons. The ratio of sp 2 -C to sp 3 -C does not change when cyclopentene reacts by ROMP. Conversely, olen coupling leads to the replacement of 2sp 2 -C by 2sp 3 -C. This change can be used to estimate the fraction of cyclopentene reacting via olen coupling (x) in polyDCPD lm (eqn (1)): 35
where I sp 2 -C and I sp 3 -C are the integrated areas of the signals associated to olenic carbons (125-130 ppm) and aliphatic carbons (30-60 ppm), respectively. This equation was changed to adapt to our specic copolymer structure resulting from copolymerization of NB and DCPD (eqn (2)):
where 0.43 is the value of the experimental
(calculated from sample NB-100), and x NB is the molar fraction of NB in the NB/DCPD monomer mixture. FTIR spectra were recorded with a Nicolet 8700 spectrophotometer (Thermo Scientic) using a mercury cadmium telluride detector. Two modes were used, transmission for monitoring the real-time kinetics of photoROMP in solution and attenuated total reectance (ATR) for characterization of polymer lms. All the spectra were recorded in the range 4000-600 cm À1 . The real-time measurements used a scanning velocity of 11.45 cm s À1 corresponding to a resolution of 0.964 cm À1 . Monomer conversion (Conv.) was determined grounded on the changing of absorption area A t at 1566 cm À1 (NB, C]C stretch), 3047 cm À1 (DCPD, sp 2 ¼ CH) (eqn (3)):
where A 0 and A t are the integrated absorbance of the characteristic vibrational modes before and aer UV radiation for t min. To check reproducibility, each experiment was performed at least three times.
Results and discussion
Study and optimization of the tandem photocatalytic system NHC photogeneration and structure of the active ROMP catalyst. There are two possible photochemical pathways to deprotonate the IMesH + imidazolium cation in 1, and thereby to generate the targeted NHC IMes (Scheme 1). Both approaches rely on the photochemistry of tetraphenylborate counter-anion: a direct photolysis of BPh 4 À , 36 or a sensitized reaction involving an additional electron acceptor species such as isopropylthioxanthone (ITX). 28, 29 Direct photolysis was carried out by exposure of 1 in THF-d 8 (0.03 M) to 254 nm, while the sensitized reaction was conducted in similar conditions with a mixture of 1 and ITX (1/1 equiv.) upon irradiation at 365 nm or 405 nm (thanks to the higher wavelength absorption of the sensitizer). The precise reaction mechanisms in both cases have been commented on elsewhere. 28, 29, 37, 38 Table 1 compares the efficiency of the two methods in terms of NHC generated aer 5 min irradiation. 39 Clearly, 1 irradiated alone at 254 nm (entry a) shows less activity in comparison with the combination of 1 and ITX at 365 nm (entry b) and 405 nm (entry c). Only 11% IMes was liberated in direct photolysis versus 29% (405 nm) and 67% (365 nm) in the sensitized reaction. This suggests that the photoinduced route using the 2-component system 1/ITX is more efficient. To account for the poorer NHC yield aer the direct photolysis, we rely on the fact that IMes has a nonnegligible absorption band at 254 nm (3 254 ¼ 9.1 Â 10 3 M À1 cm À1 ), while it does not absorb in the UVA range. This could reduce the amount of photons absorbed by 1, and undermine the yield of the photolysis reaction. Therefore, the mixture 1/ITX was employed as NHC photogenerator in the rest of the study.
Having proved the aptitude of 1 to act as NHC precursor under irradiation (in combination with a sensitizer), we studied the subsequent reaction of IMes with [RuCl 2 (p-cymene)] 2 dimer Ru-1 to form an active ROMP catalyst. 28, 29 For this, we performed a control experiment in which Ru-1 was reacted with free IMes in THF-d 8 at room temperature. An orange solution formed spontaneously, and subsequent 1 H-NMR analysis (performed without prior isolation) established that the expected catalyst structure (p-cymene)RuCl 2 (IMes) was formed in high yield (see Fig. S1 in ESI †). The spectrum found was indeed in full agreement with previous literature data. 40 This suggests that Ru-1-IMes could be actually the active catalytic species when the tandem system NHC photogenerator/Ru precatalyst is irradiated. However, all attempts to characterize by 1 H-NMR the photogenerated active catalyst have failed, preventing to conrm our hypothesis. The spectra of the catalytic reaction mixture 1/Ru-1/ITX show aer irradiation too many signals, preventing the unequivocal identication of the chelated NHC-Ru complex (see Fig. S2 in ESI †).
Catalyst photolatency. Photochemical latency is a very important characteristic for practical implementation of a photocatalytic system. Consequently, the catalytic activities of Ru-1 (in the presence of ITX, but without 1) has been tested with exclusion of light by using standard ROMP substrates such as NB, and using CD 2 Cl 2 as a solvent. Results are presented in Table 2 . The photochemical latency of Ru-1 was found to be poor since 18% conversion (entry a) was obtained aer 4 h at room temperature. ROMP could proceed by a decoordination of the h 6 -arene ligand to afford a highly unsaturated ruthenium center that evolves into a propagating alkylidene aer addition of a NB molecule. 41, 42 In agreement with this hypothesis, no premature reaction took place with ENB (entry b) due to its higher steric hindrance which limits the reaction with the ruthenium center. In the search of other ruthenium precatalysts able to ensure a complete photolatency, Ru-1 was substituted with [RuI 2 (p-cymene)] 2 (Ru-2) and [RuCl 2 (COD)] 2 (Ru-3, with COD ¼ 1,5-cyclooctadiene) to probe separately the effects of the halogen and the ligand in the Ru dimer (see structures in Scheme 2). Remarkably, Ru-2 in the presence of ITX afforded almost no conversion aer 4 h (entry c), and even aer 168 h (entry d). We carefully checked that the addition of 1 to Ru-2/ITX did not increase the conversion, illustrating the minor role played by the NHC precursor in the instability issue. Conversely, the Ru-3 complex exhibited nearly no latency since 90% conversion was reported aer 4 h (entry e). These results show that the size of the halogen is a crucial parameter affecting the equilibrium for olen binding. 43, 44 As expected, a larger halogen than chloride such as iodide disfavors olen binding due to steric hindrance, resulting in a better latency. In all instances, a low content of cis double bond (s cis ¼ 23-30%) was determined in the polymer structure, which is consistent with the literature data for ROMP relying on ruthenium dimers as catalyst. 45, 46 In conclusion, Ru-2 is the best precatalyst candidate.
Photoactivated ROMP in solution. The catalytic activity of the three-component system Ru precatalyst/1/ITX (1/5/2.5 equiv.) under UV irradiation (365 nm, 1 min) was thus evaluated for the ROMP of NB (Table 3 ) in CD 2 Cl 2 , using a NMR tube as reaction ask. As expected, the irradiation of a solution devoid of Ru dimer resulted in no reaction (entry a). By contrast, a small conversion was observed when Ru-1 precatalyst was irradiated alone (1%, entry b) or in presence of ITX (7%, entry c).
This result can be reconciled with the poor latency of Ru-1 noted earlier, and suggests that the h 6 -arene ligand displacement could be enhanced by a photochemical activation. The vacant site created on the Ru center can form subsequently an active Ru complex aer the addition of a monomer molecule. 31, 41 A much higher catalytic activity was achieved in presence of 1 (entry d) with 78% conversion being reached aer 1 min. This suggests the successful formation of a highly active Ru-arene complex, which is likely to be Ru-1-IMes. The content of cis double bond (s cis ¼ 52%) was similar to that obtained with previous systems and supports this assumption. 41, 47 Upon increasing the proportion of ITX from 2.5 equiv. to 5 equiv., a signicant increase of conversion was noted (94%, entry e) which correlates with a higher amount of NHC released and thus of generated Ru-1-IMes. This result is also conrmed by the lower molecular weight (M n-SEC ) of the resulting polymer using 5 equiv. of ITX as compared to the one obtained with 2.5 equiv. In contrast, irradiation at 405 nm instead of 365 nm led to a much lower conversion (22%, entry f). This can be rationalized on the basis of a lower IMes yield at higher excitation wavelength (vide supra). For the polymer produced with the tandem approach precatalyst/NHC (entries d-f), the molecular weight distributions were monomodal (SEC data), suggesting that only one mechanism is involved in the catalysis. However, high molecular weights (M n-SEC ) and rather broad polydispersities (Đ) were obtained, which reect a poor control of the initiation step. The source of the problem is the ill-dened initiation mechanism and above all, the poor initiation efficiency resulting in only a small number of propagating centers produced in solution. This issue has been widely reported with such class of NHC-coordinated Ru complex. 31, 32, 48, 49 The effect of the precatalyst structure was also examined. Upon replacing Ru-1 by Ru-2, the rate of polymerization slightly decreased (69%, entry g). By the same reasoning used above to explain latency, it was expected that catalyst activity would decrease from Cl to I. In this case, there are consequently less backbiting reactions, resulting in polymer with a higher molecular weight and a fairly narrow dispersity index. Ru-3 precatalyst (entry h) led to similar conversions, but the polymer was not soluble in THF, indicating a very high molecular weight polymer and an even lower initiation efficiency. It can be concluded that Ru-1 achieves the best results in terms of NB conversion, but lacks of latency in presence of this monomer. Conversely, Ru-2 exhibits a much better photolatency but at the expense of decreasing reactivity. Our photocatalytic system was also active in the ROMP of ENB. The results are summarized in Table S1 . † Mechanism of catalyst activation. As mentioned before, our approach relies on the in situ formation of an active Ru-arene complex from reaction between [RuCl 2 (p-cymene)] 2 Ru-1 and the photogenerated IMes ligand. However, the presumed NHCcoordinated catalyst Ru-1-IMes identied in this study as the active metathesis catalyst lacks a suitable metal-carbene fragment to initiate ROMP. The literature reports an ill-dened mechanism involving p-cymene decoordination and a subsequent reaction between the resultant highly unsaturated ruthenium and a cyclic olen as being accountable for the formation of active species. 31, 49 This last section questions the role(s) played by irradiation (365 nm) in this mechanism. As established earlier, light has a clear role in the generation of NHC. Bench stability experiments also demonstrate a second role of light in the disengagement of the h 6 -arene ligand. To explore other possible effect on polymerization mechanism, NB conversion kinetics was measured in situ by real-time FTIR spectroscopy. For this, the reactive monomer mixture was introduced in a liquid IR cell. IR spectra were acquired continuously during UV exposure (LED spotlight 365 nm) in order to construct a conversion-time curve. Fig. 1 shows a typical conversion-time curve while alternating between periods of radiation exposure (white area) and dark (grey area). Surprisingly from the mechanistic hypothesis, a temporal control of polymer chain growth was demonstrated through intermittent exposure of the reaction to UV light since an almost stop of polymerization was observed when light was switched off. This result is in apparent contradiction with the hypothesis of a formation of an active Ru catalyst whose activity could be preserved without irradiation. While almost no conversion occurred in the dark (off periods), polymerization could be reinitiated by re-exposure to light. This has been attributed to the fact that radiation might promote the multiple insertion of new NB units into the propagating centre. 33, 41, 50 Based on this observation, we propose a putative reaction mechanism (Scheme 3) for the ROMP photoinitiation. First, the active complex RuCl 2 (arene)(NHC) Ru-1-IMes is subjected to the rapid loss of p-cymene ring upon photochemical activation to form an unsaturated Ru species A. 33, 41, 50 As a subsequent step, the insertion of NB into the metal center occurs to form the Ru complex RuCl 2 (IMes)(NB) B. Then a sigmatropic [1,2-H] rearrangement leads to the formation of a ruthenium-alkylidene complex C (initiating species). 51 The next steps follow the typical chain-growth polymerization mechanism involving the metallacyclization and cycloreversion steps, with the particularity that the insertion of new cyclic olen molecules could be facilitated by light.
Preparation of cross-linked ROMP polymer lms
Scouting experiments. For the preparation of UV-cured lms by photoactivated ROMP, emphasis has been made on DCPD because this monomer is able to form a cross-linked structure with high stiffness and impact resistance. 52 To assess to which extent DCPD could react with our photocatalytic system (Ru-1/1/ ITX), preliminary tests were carried in CH 2 Cl 2 by monitoring the photopolymerization kinetics using real-time FTIR. Despite its lack of complete latency, Ru-1 was preferred because of its higher reactivity. Fig. 2 shows a typical conversion kinetics of DCPD, together with that of NB. As expected, DCPD exhibited a much slower polymerization rate compared to NB. [53] [54] [55] To increase reactivity and achieve a cross-linked structure unattainable with NB only, we proposed a copolymerization of DCPD with NB. 13, 54 As shown on the same plot, a mixture of DCPD/NB (50/50 mol%) resulted in intermediate polymerization rates and almost full conversion aer 30 min irradiation. Given the potential of this approach, a range of different (co) polymer lms were prepared from a mixture of NB and DCPD (NB-25: 25/75 mol%; NB-50: 50/50 mol% and NB-75: 75/ 25 mol%). For comparison, two control experiments using NB (NB-100) and DCPD (DCPD-100) alone were also performed under similar conditions. As can be seen in Fig. 3 , a mixture of monomer and photocatalyst dissolved in CH 2 Cl 2 was placed in a Teon mold, covered with a glass slide to avoid solvent or monomer evaporation, and irradiated for 1 h under a LED panel (365 nm, 5.5 mW cm À2 ) in order to reach a high monomer conversion. The swollen polymer lms were then dried at ambient conditions, placed under vacuum, then characterized using a range of spectroscopic techniques (FTIR-ATR, 13 C CP MAS), gravimetry, gel content, DSC and TGA. All these techniques are intended to give insight into the structure of the polymer, and in particular the possibility of cross-linking. With regard to this last point, Scheme 4 shows the various possible structures arising from the copolymerization of DCPD with NB. Because the cyclopentene-derived double bond is much less reactive than the norbornenyl double-bond, we assume that the two monomers DCPD and NB could copolymerize rst, resulting in the formation of a linear backbone. The cyclopentenederived double bonds can react subsequently to form a crosslinked network. It has been established that the pendant cyclopentene ring from DCPD monomer may react via two possible pathways: ROMP and olen addition through radical coupling. 35, 56, 57 Polymer yield and gel content. Polymer yield and gel contents were determined for the NB/DCPD-based lms containing different NB loadings ( Fig. 4 ). As expected, owing to the lower relative reactivity of DCPD compared to that of NB monomer, there is a gradual decrease of the polymer yield at higher concentration in DCPD (Fig. 4a) . Indeed, the reaction is almost quantitative for NB-100 (yield > 98%) while the yield is minimal for DCPD-100 (50%). Between these two homopolymers, the hybrid samples display a continuous range of intermediate values. To assess the possible formation of cross-linked network, the gel fraction of the cured specimens was also evaluated. NB-100 lm, devoid of DCPD, shows consistently no gel content, in agreement with the formation of linear chains (Fig. 4b) . The gel fraction of the lms steadily increases with addition of more DCPD, but never reaches 100 wt%. This result proves that our photocatalytic system allows the cross-linking of a fraction of cyclopentene rings. This is in contrast with the 1 st generation Grubbs catalysts which are effective only at polymerizing the norbornene ring, thus undermining the production of cross-linked materials. 52, 58, 59 FTIR spectroscopy. Turning to chemical structure of the polymer network, the same series of ve lms was analyzed by ATR-FTIR spectroscopy. In Fig. 5A , all spectra show the absence of signal at 1566 cm À1 ascribed to the alkene C]C stretching vibration of norbornenyl groups (present indistinctly in NB or DCPD). 28, 60 This suggests that norbornenyl rings were either completely reacted during the ROMP or removed upon drying (unreacted monomer). Because cyclopentene has a lower ring strain than NB, the frequency of the C]C stretching vibration is decreased and generally arises at 1610-1650 cm À1 . The n(C]C) of the internal double bond of cyclopentene (which is anyway a weakly intense band) is not visible in our system regardless of DCPD content. To estimate the amount of residual cyclopentene rings, the specic out-of-plane deformation vibration at $710 cm À1 was considered. Clearly visible at 708 cm À1 , its presence supports an incomplete cross-linking process. 57 In addition, the signals at 970 cm À1 and 754 cm À1 were attributed to the deformation vibrations of ]C-H bonds on trans and cis acyclic double bonds, respectively. 57, 61 They indicate that the chain backbone is made up of a mixture of both trans-and cisdisubstituted alkene -(CH]CH)in accordance with a ROMP mechanism. The ]C-H stretching region at 3000-3100 cm À1 is also informative because it is not overlapped by alkane C-H stretching absorption occurring below 3000 cm À1 . As shown in Fig. 5B , two broad signals at 3047 cm À1 and 3002 cm À1 were found in the spectra of polymer lms containing DCPD, that are readily ascribed to the ]C-H stretching of -CH]CHvinylene groups. The band at 3047 cm À1 can be associated to cyclic olens (residual cyclopentene) while the second signal at 3002 cm À1 reects acyclic olen (cyclopentene reacted by ROMP). 35, 60, 62 In conclusion, the FTIR data of DCPD-based lms show a partial cross-linking by reaction of the cyclopentene ring, which occurs through a metathesis mechanism. The possibility of cross-linking via olen coupling of the cyclopentene ring is examined in the next section that deals with the use of 13 C solid state NMR to characterize the polymer lms. 13 C CP MAS NMR. In Fig. 6 , the 13 C CP MAS spectra of the different NB/DCPD samples display strong similarities. The region at $130 ppm represents olenic carbons (sp 2 -C) while the signals at 30-60 ppm are reective of aliphatic carbons (sp 3 -C). As mentioned above (Scheme 4), the C]C double bonds of cyclopentene ring can undergo either metathesis or olen coupling reactions. Of interest is that 13 C CP MAS NMR can be used to estimate the contribution of olen coupling. Indeed, occurrence of olen coupling is manifested by the conversion of two sp 2 carbons (from cyclopentene) into two sp 3 carbons. Consequently, the ratio of integrated area of sp 2 -C and sp 3 -C can give access to the fraction of cyclopentene involved in olen coupling (see Experimental section for calculation details). 35, 63 Our calculations reveal a signicant contribution of olen coupling which ranges from 11 to 34%. Olen coupling of cyclopentene ring tends to increase with a higher concentration of NB: 11% (DCPD-100) <22% (NB-25) <26% (NB-50) <34% (NB- 
75
). This trend can be rationalized on the basis that ROMP of NB is known to be highly exothermic and that olen coupling is activated by heat. 56 Thermal analysis. The same series of NB/DCPD-based specimens was analyzed by DSC and TGA under N 2 . As shown in Fig. 7A , the DSC thermograms indicate a strong impact of DCPD content on the glass transition temperature (T g ). As expected, the lowest T g value was found for pure pol-yNB (NB-100); the value of 27 C is fully consistent with literature data. 64, 65 Upon increasing the content of DCPD, higher T g values were gradually obtained, with a maximum at 114 C found for DCPD-100. This tendency is likely to be caused by the increase of cross-linking density as more cyclopentene rings react. In the literature, the T g of polyDCPD generally ranges from 53-165 C. 52, 53 Hence, our intermediate T g value agrees with a signicant fraction of non-reacted cyclopentene rings as evidenced by FTIR and solid-state NMR. The TGA traces in Fig. 7B are much less dependent on the DCPD concentration and show systematically two distinct decomposition regions. The gradual weight loss during the rst decomposition stage arising at 200 C is suggestive of lowmolecular weight chains decomposition. Because of its sluggish polymerization rates, pure polyDCPD is likely to contain a higher fraction of short linear chains. This drives a weight loss at low temperature that is signicantly more marked than for NB-samples. During the second decomposition stage taking place at 400-500 C, all curves exhibited a serious decline in the weight loss, illustrating the degradation of the main polymer chains. 52,66 DCPD-100 showed the greatest thermal stability whereas a slight and progressive decrease was noted upon increasing NB loading. This is consistent with the drop of cross-linking density. 66 Also noteworthy is that a single main decomposition peak is observed regardless of NB content, suggesting a good homogeneity of the copolymer network. All samples le a charcoal residue, the highest amount (23%) was achieved with DCPD-100.
Conclusions
We have demonstrated that cross-linked ROMP polymer lms can be produced under UV irradiation through the copolymerization of NB with DCPD. The approach for photoactivated olen metathesis used a NHC photogenerator (1/ITX) combined with an inactive Ru precatalyst (Ru-1, Ru-2 and Ru-3). An active NHC-coordinated Ru-arene complex was presumed to form by reaction between the ruthenium precatalyst and the photogenerated NHC IMes. Irradiation at 365 nm was also proved to have a critical role in the formation of the active metathesis species by promoting the decoordination of the p-cymene ligand and the multiple insertions of new NB units into the propagating centre. The lms were homogeneous, and the possibility of cross-linking was attested by the measurement of gel contents (10-70%) and the rising of T g value when increasing DCPD loading. FTIR data showed a complete conversion of norbornenyl group in both monomers, but an incomplete ring-opening of the cyclopentene pendant group from DCPD. This lower ring-strained cyclic olen is subjected to metathesis but also to olen coupling reactions as evidenced by 13 C solid-state NMR. We anticipate that photoROMP of NB and DCPD derivatives will enable the development of new crosslinked coatings with chemical, thermal and mechanical properties currently not attainable with conventional radical photopolymerization.
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